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Abstract The damping effect of the Maritime Continent (MC) on propagation of the Madden-Julian
Oscillation (MJO) has been widely recognized; however, its underlying physics remains largely elusive.
Capitalizing on the latest high-resolution reanalysis data (ERA-5) from the ECMWEF, analyses in this study
suggest that the interruption of lower-tropospheric moistening over the MC land during MJO eastward
propagation is mainly due to a drying effect induced by zonal advection of the low-level winter mean
moisture by MJO winds. The low-level mean moisture pattern over the MC tends to closely follow local
topography, with moisture maxima collocated with local mountain peaks. Given this mean moisture
distribution, the moisture advection by anomalous easterly MJO winds corresponding to the active MJO
convection over the eastern Indian Ocean will lead to a drying (moistening) effect to the east (west) of the
mountain peaks. Diagnosis based on hourly output from ERA-5 further illustrates that the diurnal cycle
plays a crucial role for the formation of the topographically locked mean moisture pattern over the MC. This
study, therefore, indicates that high-resolution models capable of resolving detailed topography and
associated diurnal cycle over the MC could be necessary for realistic depiction of the interaction between the
MC and MJO.

1. Introduction

The important role of the Madden-Julian Oscillation (MJO; Madden & Julian, 1971) in the global hydrolo-
gical cycle has been widely recognized (Lau & Waliser, 2012; Zhang, 2005), not only due to its tremendous
influences on climate and weather extremes worldwide (e.g., Zhang, 2013) but also its critical role for short-
term climate prediction (Vitart et al., 2012). The MJO, however, still remains poorly represented even in the
latest global climate and weather forecast models (e.g., Ahn et al., 2017; Jiang et al., 2015; Kim et al., 2014;
Lim et al., 2018; Neena et al., 2014; Vitart, 2017; Xiang et al., 2015). One of the grand challenges in modeling
and predicting the MJO lies in its interaction with multi-scale convective elements (e.g., Chen et al., 1996;
Kiladis et al., 2009; Mapes et al., 2006; Moncrieff, 2013; Nakazawa, 1988; Takayabu, 1994), particularly when
complex topography is involved, for example, over the Maritime Continent (MC) region.

Situated in the heart of the Indo-Pacific warm pool, the MC is characterized by heavy annual rainfall, which
plays a crucial role in driving the global atmospheric circulation through latent heat release (Neale & Slingo,
2003; Ramage, 1968; Slingo et al., 2003). Due to land-ocean contrast and local high mountains (Figure 1), a
large portion of the total annual rainfall over the MC occurs via a vigorous diurnal cycle (e.g., Kikuchi &
Wang, 2008; Mori et al., 2004; Nesbitt & Zipser, 2003; Peatman et al., 2014; Qian, 2008; Yang & Slingo,
2001b). A number of studies have shown that the MC often acts as a “barrier” for the eastward propagation
of the MJO (e.g., Kerns & Chen, 2016; Kim et al., 2014; Salby & Hendon, 1994; Seo & Kim, 2003), with the
underlying physics being poorly understood and represented in high-resolution models or even the cloud-
system resolving models (CRM; e.g., Love et al., 2011; Peatman et al., 2015; Birch et al., 2016; Hagos et al.,
2016). These model shortcomings lead to limited skill in predicting the MJO when crossing the MC, a pre-
dicament often referred as the “MC prediction barrier” for the MJO (e.g., Vintzileos & Pan, 2008; Vitart &
Molteni, 2010; Weaver et al., 2011; Fu et al., 2013; Wang et al., 2013; Kim et al., 2014b; Kim et al., 2018).

Several factors have been proposed to be, at least partly, responsible for damped MJO amplitude over the
MC, including a blocking effect from the MC topography (Hsu & Lee, 2005; Inness & Slingo, 2006; Wu &
Hsu, 2009), and a lack of moist energy supply via surface fluxes over the MC land (Kim et al., 2011;
Maloney & Sobel, 2004; Sobel et al., 2008). In addition, the vigorous local diurnal cycle is also considered
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Figure 1. Elevation of topography over the Maritime Continent (unit: m).

to play a role in damping the MJO when propagating over the MC by limiting the available moist energy
(e.g., Neale & Slingo, 2003; Zhang & Hendon, 1997). It was also suggested that whether or not the MJO
can pass through the MC is subject to a competition between local land and oceanic convection and that
the development of oceanic convection over the MC region is critical to promote MJO propagation over
the MC (Ling et al., 2019; Zhang & Ling, 2017). In a recent idealized modeling study, Majda and Yang
(2016) proposed that upscale heat transport by the diurnal circulation can effectively suppress MJO deep
convection when it propagates into the MC. Based on CRM simulations, Hagos et al. (2016) demonstrated
that the eastward propagation of an MJO event over the MC can be significantly enhanced after switching
off the diurnal cycle in the model, while the model MJO is quickly damped over the MC if the diurnal
effect is present.

Strong modulation of the diurnal cycle of precipitation over the MC by the MJO indeed has been widely
reported (e.g., Love et al., 2011; Oh et al., 2012; Peatman et al., 2014; Rauniyar & Walsh, 2011; Tian et al.,
2006). Based on the International Satellite Cloud Climatology Project (ISCCP) cloud product, Tian et al.
(2006) suggested that the diurnal cycle of tropical deep convective clouds over the MC is enhanced (reduced)
over both land and ocean during active (break) phase of the MJO, with no significant modulation of the diur-
nal phase by the MJO. By analyzing TRMM precipitation observations, Rauniyar and Walsh (2011) found
that the strongest diurnal cycle of precipitation over the MC land occurs during the suppressed phase of
the MJO, defined by the MJO phases 7-8 and 1-3 based on the Wheeler-Hendon MJO index (Wheeler &
Hendon, 2004), while strongest rainfall diurnal cycle over the MC ocean during the convectively active
MIJO phases 4-6. Oh et al. (2012) and Peatman et al. (2014) also illustrated enhanced diurnal cycle of rainfall
over the MC land (~15%-25% over the climate) during the MJO phase 3, suggesting a vanguard of precipita-
tion over the MC islands 1 week prior to the arrival of the peak MJO convection when convection over the
surrounding MC seas is still suppressed (Peatman et al., 2014). Oh et al. (2012) also suggested that precipita-
tion is more intense over the Java Sea in the morning during the mature MJO phase over the MC.
Representation of these observed diurnal cycle of precipitation over the MC and its modulation by the
MIJO, however, is greatly challenging in global climate models (GCMs; e.g., Yang & Slingo, 2001b; Love
et al., 2011; Peatman et al., 2015; Baranowski et al., 2019).

Despite these above-mentioned hypotheses, the underlying physical processes for the damping effect of the
MC on MJO eastward propagation largely remain elusive. In this study, we capitalize on the recently
released high-resolution ERA-5 reanalysis to examine the interactions between the MC and MIJO.
Specifically, we focus our analyses on the interruption of moisture preconditioning over the MC during
the MJO propagation from the Indian Ocean (IO) to the western Pacific, to characterize the underlying
processes associated with the MC damping effect on the MJO. The outline of this paper is as follows. In
Section 2, the observational dataset used for this study is introduced. The damping effect of the MC on the
MIJO is illustrated in Section 3. Modulation of the MC diurnal cycle by the MJO is examined in Section 4. In
Section 5, key processes responsible for the MC damping effect for the MJO are explored by analyzing moist-
ure tendency terms over the MC region associated with enhanced MJO convection over the eastern 10 (EIO).
A summary and discussions are presented in Section 6.
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2. Observational Datasets

The primary observational dataset used for this study is the latest high-resolution ERA-5 reanalysis from the
ECMWF with a horizontal resolution of approximately 30 km at hourly time intervals (ECMWF, 2017).
ERA-5 was produced using 4D-Var data assimilation in CY41R2 of the ECMWF's Integrated Forecast
System (IFS), with 137 hybrid sigma/pressure model levels in the vertical and the top level at 0.01 hPa.
Improvements to ERA-5, compared to its earlier generation, that is, the ERA-Interim reanalysis (Dee
et al., 2011), include the use of the Met-Office Hadley Centre's sea ice and sea surface temperature dataset
version 2 (HadISST.2), reprocessed ECMWF climate data records, and implementation of an updated radia-
tive transfer model for the TIROS Operational Vertical Sounder. Variational bias corrections have not only
been applied to satellite radiances, but also ozone retrievals, aircraft observations, surface pressure, and
radiosonde profiles. Variables analyzed in this study include interpolated 3D variables (winds, vertical velo-
city, moisture, temperature) at 37 pressures and 2D variables (precipitation, 2m temperature, and the con-
vective available potential energy).

TRMM-based precipitation observations (version 3B42 v7; Huffman et al., 1995; TRMM, 2011) are also used
to provide verification for the ERA-5 reanalysis. TRMM 3B42 is a global precipitation product based on
multi-satellite and rain gauge analysis. It provides precipitation estimates with 3-hourly temporal resolution
on a 0.25° spatial resolution in a global belt between 50°S and 50°N. Since only the ERA-5 data from 2010 to
2016 were available at the time of this study, both reanalysis and TRMM data during this period are
employed in this study. Also, we limit our analysis for the extended boreal winter season from November
to March due to the prevalence of the MJO eastward propagation over the MC during this period.

3. Damping Effect of the MC on the MJO

Figure 2a illustrates evolution of MJO precipitation when it passes over the MC region based on TRMM
observations, derived by lag-regressed patterns of 20-80 day bandpass filtered precipitation against its aver-
aged value over an EIO box (85-95°E; 5°S to 5°N). Before conducting regressions, the precipitation field is
subject to removal of the climatological annual cycle (annual mean plus three leading annual harmonics)
and then a 20-80 day filtering by applying a Lanczos bandpass time filter (Duchon, 1979). The statistical sig-
nificance of the regression coefficients is assessed by testing the null hypothesis that the corresponding cor-
relation coefficients are different from zero, through application of a two-sided Student's ¢ test. Due to the
time filtering, the number of degrees of freedom (DOF) is greatly reduced as compared to the original sample
size (about 960 daily values). The effective DOF for rainfall at each grid point over the tropical Indo-Pacific
region is estimated based on the lag-one auto-correlation following Bretherton et al. (1999) and is found to be
about 40.

At lag day —3, when the MJO convection center is located over the EIO near 87°E, enhanced precipitation
starts to emerge over the western part of Borneo while convection over the neighboring waters of the MC is
still suppressed, reminiscent of the rainfall “vanguard” over the MC prior to the MJO convection as pre-
viously reported (Peatman et al., 2014). In the following days, the main MJO convection starts to cross over
the MC. The largely suppressed precipitation over the MC region at day —3 is gradually replaced by
enhanced precipitation anomalies after day 0. At day 6, the main MJO precipitation is largely scattered over
the oceanic regions of the MC, with its amplitude significantly weakened from its earlier stage over the EIO.
The particularly weak MJO convection over the MC islands as readily seen at day 6, clearly indicating the
damping effects of the MC islands for the MJO. The oceanic pathway during the MJO propagation over
the MC has also been previously discussed (e.g., Kim et al., 2017; Oh et al., 2012; Zhang & Ling, 2017).

The observed propagation characteristics of the MJO during its passage over the MC is well represented in
the ERA-5 reanalysis (Figure 2b) although the amplitude of MJO precipitation in the reanalysis is generally
weaker than that in the TRMM observations, which was also found with the ERA-Interim reanalysis (e.g.,
Adames, 2017). The weakened MJO convective signals over the MC, particularly over the land region, rela-
tive to the EIO as seen in TRMM is well captured in the ERA-5 reanalysis (e.g., day 6). Therefore, in-depth
diagnosis using ERA-5 output provides a great opportunity to understand the essential processes responsible
for the damping effect of the MC islands on MJO convection. In particular, the hourly interval of the ERA-5
data makes it possible to explore interaction between the local diurnal cycle and the MJO.
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Figure 2. Evolution of MJO precipitation anomalies (unit: mm day_l) as denoted by lag-regression of 20-80 day bandpass filtered precipitation against its averaged
value in an EIO box (85-95°E; 5°S to 5°N) based on TRMM observations (left) and the ERA-5 reanalysis (right) for winters (Nov-Mar) from 2010 to 2016. Grids
where rainfall anomalies are significant at 95% level are stippled based on the Student's ¢ test of corresponding lag-correlation coefficients.

4. Modulation of the Diurnal Cycle Over the MC by the MJO Over the EIO

The upscale impact by diurnal convection has been proposed to play an important role in weakening the
MIJO when propagating into the MC (e.g., Hagos et al., 2016; Majda & Yang, 2016), which is supported by
modulations of the MC diurnal cycle by the MJO (e.g., Oh et al., 2012; Peatman et al., 2014). In this part,
we examine how the MC diurnal cycle is modulated by the MJO with a focus over the west MC islands,
including Sumatra and Borneo, when the MJO convection is located right to the west of the MC (e.g.,
between day —3 and day 0 in Figure 2). This will provide insights into the potential role of the diurnal cycle
in generating upscale tendencies on MJO moisture, heat, and momentum, thus affecting MJO amplitude
when it further propagates eastward. For this purpose, Figures 3 and 4 illustrate 3-hourly precipitation evo-
lution during enhanced and suppressed phases of MJO convection over the EIO based on both TRMM and
ERA-5. Enhanced (suppressed) MJO periods are selected by the days corresponding to positive (negative)
peaks of 20-80 day filtered precipitation averaged over the 80-90°E, 5°S to 5°N that exceed one standard
deviation, as well as the following 4 days after the peak days. Anomalous rainfall pattern during the
enhanced MJO phase largely resembles that between day —3 and day 0 as shown in Figure 2 and with an
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Figure 3. Composite diurnal precipitation (unit: mm day_l) evolution based on TRMM observations for convectively
enhanced (left) and suppressed (right) periods of the MJO over the EIO. See text for detailed definition of the enhanced
and suppressed MJO periods.

opposite sign for the suppressed MJO phase. By this approach, 105 and 95 days are identified as enhanced
and suppressed MJO days during the seven winters, respectively. Composites of diurnal precipitation
evolution for the two MJO periods can then be derived.

Figure 3 shows that during the enhanced MJO period (left panels), persistent precipitation is observed over
the EIO throughout the day, with the heaviest precipitation in the local early morning, in agreement with
many previous studies on the diurnal cycle over tropical oceans (e.g., Yang & Slingo, 2001b). Note that the
local time over the MC here is defined by the Singapore Standard Time, which is 8 hr ahead of
Coordinated Universal Time (UTC). Over the MC land, precipitation starts to form over the coastal region
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Figure 4. Same as in Figure 3, but based on the ERA-5 reanalysis.

after 14LT on both Sumatra and Borneo and then moves inland. Precipitation over the land reaches its
maximum near 20LT and subsequently retreats back towards the coast. In particular, a well-organized
southeast-northwestward oriented rain belt over the west coast of Sumatra parallel to the local topography
(see Figure 1) gradually migrates southwestward into the neighboring waters after 23LT. This propagating
diurnal precipitation belt has been previously reported and linked to gravity wave propagation (e.g., Love
et al.,, 2011; Yang & Slingo, 2001b). Meanwhile, precipitation over the MC land is largely suppressed in the
early morning.

During the suppressed MJO period (Figure 3b), while precipitation over the EIO is persistently suppressed,
the main features of the diurnal cycle of precipitation over the MC during the enhanced MJO phase can also
be discerned, including the afternoon precipitation peak over the land and the prevalence of precipitation
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Figure 5. Composite diurnal cycle of precipitation (unit: mm day_l) over the land (upper panels) and ocean (lower panels) of the MC area (95-119°E; 6°S to 6°N;
see the rectangle box in the upper-left panel of Figure 3) based on TRMM (left) and ERA-5 (right) for the enhanced (red) and suppressed (blue) MJO phases over the

EIO.

over the ocean in the local morning. A striking difference in the diurnal cycle between the enhanced and
suppressed MJO phases, however, is that the migrating rain belt over west Sumatra is significantly
weakened in the local morning during the suppressed MJO periods. This will be further discussed below.

Figure 4 illustrates diurnal precipitation evolution over the EIO and the MC during the enhanced and sup-
pressed MJO periods based on the ERA-5 reanalysis. The most prominent features of the diurnal cycle as
shown based on TRMM are largely captured in ERA-5, including the diurnal phases of precipitation over
both the MC land and ocean as well as the greatly weakened offshore rain belt in the local morning over west
Sumatra during the suppressed MJO periods. However, the maximum precipitation over the MC land is dis-
cerned between 14LT and 17LT in ERA-5, rather than the evening precipitation maximum in TRMM.
Meanwhile, the southeast-northwestward oriented rain belt over west Sumatra during the enhanced MJO
periods largely keeps stationary off the coast in ERA-5, in contrast to slow southwestward migration from
land to offshore waters by TRMM. This indicates that the ECMWF IFS has difficulties in representing the
detailed evolution of gravity waves and local land-sea breezes associated with the observed migrating rain
belt over west Sumatra. Further analysis based on ERA-5 suggests that the greatly enhanced early-morning
precipitation off the west Sumatra coast during the enhanced MJO phase is due to strengthening of low-level
convergence by westerly anomalous MJO winds associated with the active MJO convection over the EIO
(figure not shown).

The diurnal cycle of precipitation over the MC land and ocean during the two opposite MJO phases is further
illustrated in Figure 5. With a main focus on the diurnal cycle over the western MC, each composite diurnal
rainfall profile in Figure 5 is derived by averaging over corresponding land or ocean grids in the rectangular
area in Figure 3 (95-119°E; 6°S to 6°N). Peak precipitation over the MC land is observed around 20LT by
TRMM during both the enhanced and suppressed MJO periods (Figure 5a), with persistently stronger preci-
pitation during the enhanced MJO periods throughout the day but with largely similar diurnal amplitude.
The afternoon/early evening precipitation peak over the MC land is also noted in ERA-5, although it occurs
at an earlier time around 15LT instead of 20LT in TRMM as previously discussed in Figure 4. Also, the
reanalysis-based precipitation shows an abrupt decrease in the afternoon from 16LT to 19LT. Nevertheless,
a largely similar diurnal precipitation amplitude during the enhanced and suppressed MJO phases and the
systematically stronger precipitation over the entire day during the enhanced MJO periods over the MC
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Figure 6. Similar to Figure 5, but for composite diurnal cycle of (a) surface temperature (units: °C) and (b) CAPE (J kg_l)
over the MC land based on ERA-5.

land are well represented in the ERA-5 reanalysis. This suggests that when the MJO convection is located
over the EIO, the diurnal precipitation amplitude over the west MC land does not significantly change, but
with increased daily mean precipitation possibly by the large-scale low-level convergence associated with
the enhanced MJO convection. This result slightly differs from those previously reported that the diurnal
cycle of rainfall tends to be enhanced over the MC land when the MJO convection is located over the
Indian Ocean, for example, during the MJO phase 3 (Oh et al., 2012; Peatman et al., 2014). The plausible
reason for this discrepancy could be that the MJO phases defined by the Wheeler-Hendon MJO index is
dominated by large-scale circulation anomalies instead of convection signals (e.g., Kiladis et al., 2013).
Therefore, for each selected day of the MJO Phase 3, it may not be necessary that active MJO convection is
present over the EIO. While the enhanced and suppressed MJO phases identified in this study are based
on the intraseasonal convection anomalies over a small EIO box, corresponding to the MJO convective
condition right before it propagates eastward into the MC as shown in the regressed rainfall pattern
between day —3 and day 0 in Figure 2 (opposite for the suppressed MJO phase).

Over the MC ocean, the observed diurnal cycle of precipitation is well captured in ERA-5 during both MJO
phases and suggests that the MJO significantly modulates both the daily mean and diurnal amplitude of pre-
cipitation. One deficiency in reanalysis precipitation is the slightly earlier occurrence of peak precipitation
around O3LT versus 06LT in TRMM. Also, the increase of reanalysis precipitation in the morning is more
abrupt than that in the observations, partially due to the lack of a propagation mechanism in generating
the offshore precipitation belt over west Sumatra in the ECMWF IFS as previously discussed.

To further understand the processes associated with MJO modulations on the diurnal evolution of precipita-
tion, Figure 6 displays diurnal cycle of surface temperature and the convective available potential energy
(CAPE) over the MC land during the two MJO phases based on ERA-5. While surface temperature in the
reanalysis is also subject to model deficiencies, direct constraints from various in situ observations make it
more reliable than the model precipitation. Pronounced diurnal variations in land surface temperature, with
a maximum near 13LT and a minimum near 07LT, are evident during both the enhanced and suppressed
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MIJO periods, in agreement with largely similar diurnal precipitation amplitudes during both MJO periods.
A slightly lower surface temperature in the afternoon and higher temperature in the early morning, thus a
slightly weaker diurnal cycle of surface temperature, is discerned during the enhanced MJO phase over the
MC land, possibly due to the associated stronger daily mean precipitation (Figure 5c). In contrast to the
higher daily mean precipitation during the enhanced MJO phase, smaller values in CAPE are found over
the MC land (Figure 6b), suggesting that the weakly enhanced daily mean precipitation over the MC land
during the enhanced MJO periods could be promoted by large-scale convergence associated with active
MIJO convection rather than the local atmospheric instability.

To summarize, analyses in this section suggest that during the period of enhanced MJO convection over the
EIO, while precipitation over the MC land is enhanced throughout the day compared to that during the sup-
pressed MJO period, its diurnal amplitude and phase do not significantly change between these two MJO
phases. Meanwhile, pronounced modulations of the daily mean as well as the diurnal amplitude of precipi-
tation by the MJO are found over the MC oceans. These results may indicate that the upscale influences of
the subdaily processes over the MC land may not play a dominant role in generating the local damping effect
for the MJO. This will be further discussed in the following.

5. Key Processes Responsible for the MC Damping Effect for the MJO

In many recent studies, evolution of MJO convection has been closely linked to atmospheric moisture per-
turbations (e.g., Adames & Kim, 2016; Jiang, 2017; Raymond & Fuchs, 2009; Sobel & Maloney, 2012). In this
section, based on a moisture budget analysis, we attempt to identify the essential processes responsible for
the damped MJO amplitude over the MC land as shown in both TRMM and ERA-5 (Figure 2). Figure 7a
shows a longitude-pressure cross-section of the anomalous specific humidity pattern at day —3 based on
lag regression against 20-80 day filtered precipitation over the EIO box (85-95°E; 5°S to 5°N) based on
ERA-5. Note that when deriving the regression patterns of 3D variables (winds, moisture, moisture ten-
dency, etc.), due to a huge volume of the 3D data, these 3D variables are only subject to the removal of
the climatological annual cycle (annual mean plus three leading annual harmonics) before regressed onto
the 20-80 day filtered rainfall index over the EIO. The statistical significance of these 3D regression patterns
is similarly assessed by their corresponding correlation coefficients, with the effective DOF at each grid esti-
mated using both lag-one autocorrelations of each corresponding 3D variable and the EIO rainfall index fol-
lowing Bretherton et al. (1999).

To demonstrate a sharp influence of the topography over the MC on the MJO moisture profile, the cross-
section is taken at the latitude of 3°S instead of averaging over equatorial latitudes. Associated with the
enhanced MJO convection over the EIO at day —3 (see Figure 2 and labeled by the red solid triangle in
Figure 7a), positive moisture anomalies are evident in the free atmosphere above 950 hPa (Figure 7a). A
sharp reduction of positive moisture anomalies to the east of the mountain peak over Sumatra is readily
seen, indicative of a significant impact of the MC topography on the MJO. Note that MC topographic
effects on MJO moisture fields are evident in the entire lower troposphere up to 700 hPa, well beyond
the altitude of the local mountain peak. Strong modulations of MJO moisture anomalies by Sumatra
Island are again clearly discerned by the spatial distribution of 900-700 hPa averaged anomalous moisture
pattern at day —3 (Figure 7c¢).

Figure 7b further displays moisture tendency anomalies at day —3 based on the same regression approach.
Corresponding to the MJO convection center near 87°E at day —3, positive moisture tendencies (i.e., moist-
ening) are largely found to the east of MJO convection associated with easterly anomalous winds (see
Figure 7a), with lower-tropospheric moistening over a large portion of the MC region, signaling the precon-
ditioning for the eastward propagation for the MJO (e.g., Benedict & Randall, 2009; Jiang et al., 2011;
Johnson et al., 1999; Kemball-Cook & Weare, 2001; Tian et al., 2010). Interestingly, between the strong deep
moistening over the EIO and shallow moistening over the eastern part of the MC, a lack of moistening is
noted over Sumatra right to the east of the local mountain peak (100-105°E; Figure 7b), indicating an
interruption of moistening process over Sumatra. The influence of MC topography on the MJO moistening
can be further clearly illustrated by the spatial pattern of 900-700 hPa averaged moisture tendency anoma-
lies at day —3 (Figure 7d). It is readily seen that the moistening in the lower troposphere to the east of MJO
convection, which has been suggested critical for the eastward propagation of the MJO, is significantly
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Figure 7. (Left panels) Longltude pressure profiles of (a) moisture (shaded: g kg™ ) and u-w winds (vectors; see the scale on the upper-right with the unit of m s
! for vertical velocity). Only q anomalies that pass 95% significance level are plotted as shaded contours, and vectors with dark color
represent where u-wind anomalies are statistically significant at 95% level; and (b) moisture tendency anomalies (unit: 10

for u-wind, and —15 Pa s~

-1

—10 g kg_1 s) at 3°S. Black shading on

the bottom of both panels denote topography over the MC; (right panels) spatial patterns of regressed 900-700 hPa averaged (c) moisture and (d) moisture
tendency anomalies. In (b) to (d), grids where valuables are significant at 95% level are stippled. All fields are based on. All fields are derived by lag regressions onto
the 20-80 day filtered precipitation over the EIO based on the ERA-5 reanalysis at day —3.

modulated by the MC islands. Strong moistening to the east of MJO convection is largely observed over the
MC ocean region, in contrast to rather weak moistening over the MC land (Figure 7d). As the area of the MC
land is comparable to that of the enhanced MJO convection (see Figure 2), it is expected that when MJO
convection propagates into the MC, the damped MJO convection over the MC land will effectively destroy
the previously well-organized MJO convection and associated circulation, and thus lead to an abrupt
break down of MJO convection over the MC region as seen in Figure 2. Therefore, understanding the key
processes responsible for the interruption of low-level moistening over the MC land as shown in
Figures 7b and 7d will provide critical insights into the damping effect of the MC on the MJO eastward
propagation. In the following, this will be explored by performing a moisture budget analysis associated
with the MJO with a particular focus on the interruption of low-level moistening over Sumatra and Borneo.

The local time rate of change of specific humidity can be written as

dq/dt = —V'-Vq—w(dq/3p)—Q, /Ly, (1)

where the terms on the right-hand side are, respectively, the horizontal and vertical moisture advection and
the apparent moisture source and sink Q, as defined in Yanai et al. (1973), which represents the combined
effects of evaporation and condensation within the column and the flux of moisture by unresolved eddies
(Johnson et al., 2015; Yanai & Johnson, 1993). Since Q, is not directly archived by ERA-5, and also there

JIANG ET AL.

13,702



AAAAAAAAAAAAAA
'AND SPACESCIENCE.

Journal of Geophysical Research: Atmospheres 10.1029/2019JD031503

a) dg/dt by hori-advection (hourly) c) dg/dt by hori-advection (daily)

300

........... 400

500

600
700

800

900 f o«

100E

. 1000 ; yvs i, . AR
130E 70E 80E 90E 100E 110E 120E 130E

120E

110E

b) dg/dt by column process (hourly) d) dg/dt by column process (daily)
300

LN A
G “ P ]' ’a -

.................... 400 BT

500

600

- 700

- .f‘ 4.

r

B ! 1000 +
100E 110E 120E 130E 70E

80E A 9oe 100E 110€ 120E 130E

Figure 8. Longitude-pressure profiles of moisture tendency (unit: 10710 g kg_1 sH by the horizontal advection (upper panels) and the column processes (lower-
panels). Patterns on the left (right) are derived based on hourly (daily) mean wind and moisture fields from the ERA-5 reanalysis. All fields are obtained by the lag
regressions against IO precipitation at day —3 and averaged between 5°S and 5°N. Black shading in each panel denotes topography over the MC. Grids where
moisture tendency anomalies are statistically significant at 95% level are stippled.

is a near cancellation between the vertical moisture advection and Q,, the second and third terms on the
right-hand side are combined and referred to as the column process following Chikira (2014) and
Wolding et al. (2016). Daily moisture tendency due to the column process can be derived based on
equation (1) given dq/dt and —v'-Vq from the ERA-5 reanalysis, and its anomalous pattern associated
with the MJO can be derived by regression onto the EIO precipitation as previously discussed. By taking
advantage of the hourly output from ERA-5, the horizontal and vertical moisture advection will be
calculated at hourly intervals, and then daily mean advection can be obtained based on these hourly data,
which includes the upscale impact of subdaily systems on MJO moisture processes. Similarly, daily mean
moisture advection associated with the MJO can also be calculated by using daily mean wind and specific
humidity fields. Contributions to the MJO moisture transport due to diurnal processes can then be
estimated by the differences of the horizontal/vertical moisture advection terms derived by hourly and
daily wind and specific humidity fields.

To illustrate the processes responsible for the rather weak moistening over the MC land compared to neigh-
boring ocean areas as illustrated in Figures 7b and 7d, the left panels in Figure 8 show moisture tendency
profiles due to horizontal advection (Figure 8a) and the column process (Figure 8b) derived by hourly wind
and specific humidity fields at day —3. Corresponding to the MJO convection near 87°E at this time (see the
red solid triangle), the horizontal moisture advection is largely characterized by lower-tropospheric moisten-
ing to the east, and drying to the west of the MJO convection (Figure 8a), in accord with previous studies on
the role of horizontal moisture advection in promoting the MJO eastward propagation over the IO (e.g.,
Maloney, 2009; Maloney et al., 2010; Andersen and Kuang, 2012; Sobel et al., 2014; Chikira, 2014; DeMott
et al., 2014; Adames & Wallace, 2015; Arnold and Randall 2015; Jiang, 2017; Gonzalez & Jiang, 2017;
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Figure 9. Contribution of subdaily processes for the horizontal (a), vertical
(b), and total (c) moisture advection as estimated by differences in corre-
sponding lag-regressed fields derived by hourly and daily mean reanalysis at
day —3 and are averaged between 5°S and 5°N. Grids where moisture ten-
dency anomalies are statistically significant at 95% level are stippled. The

units are 1077 g kg_1 s

Gonzalez & Jiang, 2019). An exception, however, is noted over Sumatra
(near 105°E) right to the east of the local mountain peak, with a drying
patch between 950 and 700 hPa while moistening prevails in the lower
troposphere on both sides. The moisture tendency by the column process
(Figure 8b) is largely in an opposite sign to the horizontal advection. Over
the MJO convectively active region in the EIO (cf. Figure 2 right panels at
day —3), the column process is largely moistening the atmosphere, that is,
destabilizing the MJO convection, or a negative value of the effective gross
moist stability (GMS), in support of the moisture mode theory (e.g.,
Benedict et al., 2014; Chikira, 2014; Jiang et al., 2015; Raymond et al.,
2009; Raymond & Fuchs, 2009; Sobel & Maloney, 2013; Wolding et al.,
2016). Over the MC region, the moisture tendency by the column process
largely leads to a weak drying effect in association with local suppressed
MIJO convection. However, moistening is observed over Sumatra due to
the column process, which largely offsets the local drying effect by the
horizontal advection (Figure 8a), leading to a rather weak total moisture
tendency over Sumatra (Figure 7b). Therefore, the interruption of MJO
moisture preconditioning over Sumatra tends to be closely linked to the
local drying effect by the horizontal moisture advection. While these
above discussions mainly focus on Sumatra Island, relatively weaker dry-
ing tendencies due to the horizontal advection can also be observed in the
lower troposphere over other MC islands (Figure 8a). Further understand-
ing of the drying effect by the horizontal moisture advection over the MC
islands, therefore, will help to understand the damping effect of the MC
for the MJO propagation.

As previously discussed, the role of diurnal moisture transport on the MJO
moisture tendency can be evaluated by comparing moisture tendency pro-
files derived from hourly wind and q fields (Figures 8a and 8b) to those
based on daily data (Figures 8c and 8d). Differences between the right
and left panels in Figure 8 thus represent the role of diurnal moisture
transport for the MJO and are shown in Figure 9. A quick comparison
of Figures 8a and 8c suggests that the diurnal moisture transport is not
essential for the formation of the lower-tropospheric drying over
Sumatra and other MC islands through the horizontal advection. As
shown in Figure 9a, horizontal moisture transport by subdaily processes
is largely characterized by a weak low-level moistening (drying) over the
I0 (MC region) where MJO convection is enhanced (suppressed).
Meanwhile, the diurnal vertical moisture transport is largely confined
over the IO associated with the enhanced MJO convection, with moisten-
ing in the free atmosphere and drying in the planetary boundary layer
(PBL; Figure 9b). As a result, the total effect by the diurnal horizontal
and vertical transport leads to a cancellation between each other
(Fig 9c). Over the MC, the total subdaily moisture transport contributes
to a weak moistening in the PBL, but with rather weak impacts in the
lower troposphere.

Since the moisture tendency due to the horizontal advection derived by daily data as shown in Figure 8c well

captures the low-level drying effect over Sumatra and other MC islands corresponding to enhanced MJO

convection over the EIO at day —3, analyses in the following will mainly focus on the horizontal moisture

advection using daily wind and specific humidity. Decomposition of the total horizontal moisture advection

into zonal and meridional components suggests that the aforementioned low-level drying over the MC

islands is largely due to the zonal advection (cf. Figures 10a and 8c). In order to identify the detailed pro-

cesses leading to this drying effect, further diagnosis is performed by separating daily zonal-wind (u-wind)

and specific humidity into three different time scales following previous studies (e.g., Gonzalez & Jiang,
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2019; Jiang, 2017), that is, low-frequency (period >100 day, with mean
seasonal cycle included), intraseasonal (MJO; 20-100 day), and high-
frequency (<20 day) time scales. By firstly focusing on the drying
process over Sumatra (the pink box in Figure 10a), Figure 11 shows the
total low-level moisture tendency by the zonal advection along with
contributions by nine advection terms with a combination of u-wind
and q at different time scales. Contribution of the zonal moisture
advection due to subdaily processes, estimated by differences in values
calculated by hourly and daily data as previously described, is also
shown in Figure 11. It is clearly seen that the drying effect over Sumatra
by the total zonal moisture advection at day —3 is mainly due to the
advection of low-frequency moisture by the MJO anomalous zonal

" 94y

winds, for example, through the term of —u .

The vertical-longitudinal cross-section of the moisture tendency due to —

=
ox

and drying structures in the lower troposphere over the EIO and MC
region are readily seen. Particularly interesting is that this moisture ten-
dency pattern exhibits a clear spatial lock to the MC mountains, with dry-
ing (moistening) tendencies located to the east (west) side of mountain
peaks. Figure 12b further illustrates spatial distribution of 900-750 hPa

u == at day —3 is further displayed in Figure 12a. Alternating moistening

vertically averaged moisture tendency by —u'’ ‘1;1—;". Regulation of moisture
tendency over the major MC islands by local topography is again clearly
evident. Given easterly anomalous winds in the lower troposphere over
the MC associated with active MJO convection over the EIO at day —3
(vectors in Figure 12c; also, see Figure 7a), the spatial lock of the moisture

' 0y,
ox

cation of the maximum low-frequency or seasonal mean moisture (g,,)
over the MC mountain peaks (see shaded contours in Figure 12c, and cf.

tendency pattern by —u to the local mountains is mainly due to collo-

Figure 1). Advection of this seasonal mean moisture pattern by the easterly anomalous MJO winds gives rise
to low-level drying (moistening) to the east (west) side of mountain peaks. Over Sumatra, because the moun-
tain is located over the western edge of the island (Figure 1), the drying effect prevails over a large portion of
the island (Figure 12b), in agreement with a strong drying patch over Sumatra in the vertical profiles of the

Decomposition of total horizontal g—advection over Sumatra
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Figure 11. Decomposition of the drying effect (unit: 10~

10 g kg_1 s~ due to the lower-tropospheric horizontal moisture

advection over Sumatra (the rectangular box in Figure 10a) into processes due to different time scales, that is, low-fre-
quency variability with a period greater than 100 days (denoted by the subscript “m”), MJO time-scale with a period
between 20 and 100 days (denoted by a prime), and high-frequency variability with a period shorter than 20 days (denoted
by a double prime). Contribution by subdaily processes, estimated by differences in values calculated by hourly and daily

data, is also shown.
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Figure 12. (a) Similar as in Figure 10, but for moisture tendency (unit: 107 g kg_1 sH by zonal advection of the sea-

sonal mean moisture by anomalous MJO winds (—u’ ag—xm). Grids where values are statistically significant at 95% level
are stippled; (b) 900-750 hPa vertically averaged —u’ ag_; pattern (unit: 10710 g kg_1 sTY; (c) 900-750 hPa vertically
averaged winter mean moisture (shaded; unit: g kg_l) and MJO anomalous winds (vectors with the scale on the upper-
right of the panel).

total horizontal moisture advection term (Figure 8). While the north-south oriented mountain peaks are
situated over the center of Borneo, low-level drying is observed over the eastern part of the island, while
moistening over west Borneo and part of the ocean area between Sumatra and Borneo (Figure 12b).
Interestingly, the largely drying over Sumatra, as well as the east-west drying/moistening dipole over
Borneo at day —3, is closely linked to the anomalous MJO precipitation pattern over these islands in the fol-
lowing days in both TRMM and ERA-5 (e.g., day 3 in Figure 2), which provides further evidence on the cri-
tical role of the zonal moisture advection for the MJO damping effect over the MC lands. Note that given a
fixed mean moisture pattern, the damping effect through this moisture advection process is linearly corre-
sponding to MJO amplitude. For a stronger (weaker) MJO event over the IO, the induced drying over the
MC lands is also expected to be stronger (weaker) due to stronger (weaker) MJO anomalous circulation.
Therefore, this process does not indicate that stronger MJO events tend to more easily cross over the MC
than weaker ones.
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The topographically locked horizontal moisture advection patterns over the MC associated with the MJO
were also reported in several previous studies based on the ERA-Interim reanalysis and climate model simu-
lations (e.g., DeMott et al., 2014; Hung & Sui, 2018). Particularly, based on a moisture budget analysis for the
MJO over the MC using daily ERA-Interim reanalysis, Hung and Sui (2018) also suggested that advective
moistening over the MC region tends to be negative (positive) on the east (west) side of the major MC islands,
which could interrupt the MJO eastward propagation over the MC land and be conducive to a southward
detour of the eastward-propagating MJO as previously proposed (Kim et al., 2017). By employing high-
resolution ERA-5 reanalysis in this study, a strong spatial lock of the low-level seasonal mean moisture pat-
tern to local mountains over the MC is further clearly illustrated. Meanwhile, the hourly output of the ERA-5
reanalysis used in this study provides a great opportunity to examine how diurnal processes contribute to the
interruption of low-level moistening over the MC during MJO eastward propagation. A local time versus
longitude (5°S to 5°N averaged) evolution diagram of the climatological winter mean 900-750 hPa specific
humidity suggests that the low-level winter mean moisture exhibits a strong diurnal evolution over the
MC land with maxima during the late afternoon and early evening (Figure 13a), but a much weaker diurnal
cycle over the ocean. As a result, a strong horizontal gradient in the low-level moisture pattern is observed
during the local evening, closely following the shape of local topography (Figure 13b), while a rather weak
moisture gradient in the morning (Figure 13c). The enhanced low-level moisture over the MC mountains
during the local evening is closely associated with strong diurnal upslope winds as shown in Figure 13d,
which is in accord with previous studies (e.g., Qian, 2008). Further investigations, however, are needed to bet-
ter understand the detailed processes in defining the seasonal mean moisture pattern over the MC. For exam-
ple, the maximum rainfall over the MC land occurs in the local afternoon about 15LT (Figures 4 and 5¢) based
on ERA-5; it is not obvious why the maximum moisture forms during nighttime over the mountains. The ver-
tical mixing associated with the diurnal cycle over the MC land could play a critical role in defining the local
moisture profiles but is not available from the ERA-5 dataset. Meanwhile, large analysis increment in the rea-
nalysis data (e.g., Jiang, 2017; Kiranmayi & Maloney, 2011; Mapes & Bacmeister, 2012) further makes it dif-
ficult to completely understand the detailed physical processes in regulating the diurnal variations in the
seasonal mean moisture pattern. Diagnosis and sensitivity experiments based on high-resolution model
simulations could provide important insights into the key factors regulating the local mean moisture profiles.
Additionally, the diurnal cycle over the MC as suggested by ERA-5 will also need to be verified from in situ
observations, for example, from the ongoing Years of the Maritime Continent (YMC) field campaign (https://
WWww.jamstec.go.jp/ymc).

6. Summary and Discussions

While the MJO plays a significant role in the global hydrological cycle, realistic representation of the MJO in
climate models has been challenging, mainly due to our limited understanding of processes regulating atmo-
spheric convection. Organization of the MJO is further complicated by interactions among convective sys-
tems at various temporal and spatial scales, particularly when interfering with tropical mountains, for
example, over the MC. The MC exerts a strong damping effect on eastward propagation of the MJO when
propagating from the EIO to the western Pacific. This damping effect is often over-exaggerated in present-
day climate models, limiting our prediction skill for the MJO and its impacts on downstream weather
extremes beyond the MC. Despite various existing hypotheses, including the upscale impact of the diurnal
cycle, the underlying physics of the MC damping effect on the MJO remains poorly understood, partially
due to the lack of high-resolution observations and model inability to credibly represent the interaction
between the MC and MJO.

In this study, we capitalize on the new high-resolution ERA-5 reanalysis to investigate the essential pro-
cesses responsible for the damping of MJO amplitude over the MC land, including the role of the local diur-
nal cycle. Results based on both TRMM and ERA-5 suggest that both the amplitude and phase of the diurnal
rainfall cycle over the MC land do not exhibit significant changes between the enhanced and suppressed
MIJO phases over the EIO, although persistent enhancement of precipitation is observed throughout the
day during the enhanced MJO periods (Figures 5a and 5c¢). Over the MC ocean, particularly off the coast
of west Sumatra, significant enhancement in amplitude of diurnal rainfall cycle, along with a persistent
increase in daily mean precipitation, is observed during the enhanced MJO periods (Figures 5b and 5d).
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Since the lower-tropospheric moisture has been found to be critical in regulating MJO convection, a moisture
budget analysis is further conducted to unravel key processes for damped MJO convection when crossing
over the MC. The MC topography is found to exert significant influences on anomalous MJO moisture pat-
tern. When the enhanced MJO convection is located over the EIO, positive moisture anomalies, with maxima
in the lower troposphere, are clearly evident over the EIO, but sharply reduced to the east of mountain peak
over the west edge of Sumatra (Figures 7a and 7b). Meanwhile, the low-level moistening (positive moisture
tendency) to the east of MJO convection, indicative of the moisture preconditioning process for MJO east-
ward propagation, is only evident over the ocean, while absent or rather weak over the MC islands including
Sumatra and Borneo (Figure 7b and 7d). The lack of lower-tropospheric moisture preconditioning over the
MC land, therefore, suggests unfavorable conditions for MJO development during its eastward propagation.

It is further illustrated that the interruption of low-level moistening over the MC land is mainly due to a dry-
ing effect induced by zonal moisture advection (Figure 12a), dominated by advection of the seasonal mean
moisture by the MJO zonal wind in the lower troposphere (Figure 11). By using the high-resolution ERA-5
reanalysis, it is further illustrated that the low-level mean moisture pattern over the MC closely follows local
terrains, with moisture maxima largely collocated with mountain peaks over Sumatra and Borneo
(Figures 12 and 13). Given this mean moisture distribution, its advection by anomalous easterly MJO winds
corresponding to the active MJO convection over the EIO induces a drying (moistening) effect to the east
(west) of local mountain peaks (Figure 12). Diagnosis based on hourly data from ERA-5 suggests that the
moisture transport due to subdaily processes does not play an essential role in contributing the interruption
of MJO moisture preconditioning over the MC islands. The diurnal cycle, however, can also be critical for the
above mentioned MC damping effect for the MJO through its pronounced modulation on the seasonal mean
moisture distributions over the MC islands (Figure 13).

These results indicate that the topography over the major MC islands plays a critical role in interrupting the
eastward propagation of the MJO by shaping the spatial distribution of the lower-tropospheric mean moist-
ure pattern. In particular, as the mountain peaks on Sumatra is located near the west edge of the island and
straddle the equator between 5°S and 5°N, the zonal moisture advection as mentioned above will generate a
drying effect over a great portion of Sumatra (Figure 12b) and thus effectively inhibits MJO eastward propa-
gation. Over Borneo, since the north-south oriented mountain ridges are largely situated in the center of the
island, the drying effect due to the horizontal moisture advection is confined to the eastern part of the island,
while moistening occurs over west Borneo as well as the ocean region between Sumatra and Borneo.
Interestingly, rather weak (strong) intraseasonal rainfall variability in general over the eastern (western)
part of Borneo is also observed in the intraseasonal rainfall variance pattern (e.g., see Figure 1 from Sobel
et al., 2008), lending further confidences on the critical role of MC topography in regulating the local MJO
variability. The strong intraseasonal variability observed over west Borneo, on the other hand, indicates that
the lack of latent heat flux over the MC land as previously proposed (e.g., Sobel et al., 2008; Sobel et al., 2010)
may only be partially responsible for the damped MJO amplitude over the MC.

Therefore, GCMs that are unable to realistically depict the mean moisture pattern over the MC, either due to
coarse model resolution to fully resolve MC topography or model deficiencies in representing the local diur-
nal cycle, could have difficulties in representing the interaction between the MJO and MC. It is also possible
that great sensitivity of simulated MJO propagation and variability over the MC to the diurnal cycle (Hagos
et al., 2016) and model surface evapotranspiration (Lee et al., 2012) as previously reported could be asso-
ciated with the modified low-level mean moisture distribution over the MC due to changes of the model pro-
cesses. Further investigations will be needed to better understand key processes for the formation of
maximum low-level moisture over MC mountains, for example, through detailed diagnoses based on
GCM simulations and model sensitivity experiments by modifying the location and orientation of the MC
mountains. While the analyses in this study mainly focus on the west MC region, role of topography over
the east MC for the MJO, for example, New Guinea, will also need to be explored. Moreover, the processes
underlying the MC damping effect for MJO propagation as illustrated in this study are applicable for all MJO
events crossing over the MC; further investigations are warranted to understand mechanisms responsible for
the observed distinct MJO propagation characteristics over the MC; that is, some MJO events can cross over
the MC, while others cannot. It will be interesting to further explore how interactions between the MJO and
MC are modulated by the large-scale environment, for example, through the lower-tropospheric mean
moisture distribution (e.g., DeMott et al., 2018; Gonzalez & Jiang, 2019; Kim, Kug, & Sobel, 2014) and
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diurnal cycle-related local land-sea contrast (e.g., Ling et al., 2019; Zhang & Ling, 2017), as previously found
to be critical in regulating propagating versus nonpropagating MJO events over the MC. Also note that in
addition to the moistening process as discussed in this study, the MC diurnal cycle can also interact with
the MJO through upscale transport of momentum and heat, which will be reported elsewhere.

While the high-resolution hourly ERA-5 reanalysis provides an unprecedented dataset to investigate key
processes associated with the MC damping effect for the MJO, particularly on the role of the diurnal cycle,
deficiencies in ERA-5 are also noted. For example, in TRMM observations, diurnal convective systems gra-
dually migrate from the west Sumatra coast to neighboring oceans in the early morning. In contrast, the
movement of convection systems are not well represented in ERA-5 although the morning peak of precipita-
tion over the ocean off the west Sumatra coast is captured. The in situ observations from the ongoing YMC
field project could therefore provide important validations of the ERA-5 reanalysis, including the detailed
characteristics of the diurnal cycle of precipitation, circulation, and moisture profiles.
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